INTRODUCTION
In the last two decades, countries around the world have seen significant and persistent movements in asset prices. One important issue for central banks is whether the monetary authority should respond to asset prices to stabilize output and inflation variability.
Conventional wisdom suggests that soaring asset prices and their collapse--behavior often thought of as the telltale signs of an asset price bubble--should have important consequences for output and inflation. When asset prices soar, consumers increase their consumption because wealth rises, and businesses increase investment because the cost of capital falls. In addition, this increase in aggregate demand is supposed to put upward pressure on inflation. In such an environment, a monetary authority interested in keeping inflation stable would generally have to tighten policy as asset prices rise and ease as asset prices fall.
While theoretically sound, the empirical correlations between asset price inflation and consumer price inflation are at odds with this conventional wisdom. In countries that experienced broad swings in asset prices, asset price inflation has tended to be correlated with stable or declining consumer price inflation. In fact, consumer price inflation often rises after asset prices collapse. This unconventional behavior has prompted controversy about how central banks should respond to asset prices to improve economic outcomes, possibly suggesting that central banks should ease rates as asset prices rise and raise rates as asset prices collapse. 1 Recent research on asset prices and monetary policy has provided no clear guidance on this issue because there is yet little consensus on how central banks should respond to asset prices, especially when there is the possibility of an asset price bubble. Moreover, progress has 1 Central banks may also be interested in responding to stock market and housing market prices in order to reduce financial market volatility. It is not uncommon for large swings in asset prices--often linked to asset price bubbles--to be associated with periods of financial market turbulence. While responding to asset prices as they rise and as they fall may help mute financial fluctuations, the central bank may create moral hazard problems. This is an interesting issue but goes well beyond the scope of this paper.
been limited in answering several fundamental policy questions about the role of asset prices in monetary policy. These questions include: (1) How are asset prices related to the economy? (2) How can we interpret asset price movements? (3) And, should policymakers respond to asset price movements?
Several recent studies made some progress on answering this last question. Gertler and Bernanke (1999, 2001 ) examine an economy subject to asset price bubbles with a monetary authority that pursues a flexible inflation targeting policy. Asset prices in their macroeconomic model affect aggregate demand in three ways. Increasing asset prices boost consumption via a wealth effect, increase investment via a cost of capital effect, and raise net worth that stimulates aggregate demand via a financial accelerator channel. They find "to a first approximation, once the predictive content of asset prices for inflation has been accounted for, there should be no additional response of monetary policy to asset price fluctuations."
Cecchetti et al., using the same model, somewhat surprisingly draw the opposite conclusion. They argue that a monetary authority can improve economic conditions by responding to asset price bubbles. One of their reasons for the difference in the results is that they explore a larger family of policy reaction functions. One drawback of their study, however, is that they restrict their analysis to deterministic asset price bubbles. Bernanke and Gertler (2001) argue that if Cecchetti et al. had accounted for stochastic asset price bubbles, they would have found no useful role for asset prices beyond what is reflected in expectations for future inflation. Filardo (2000) studies the role of asset prices (but not asset price bubbles) in monetary policy in a different model than these other works. In that paper, I use a much simpler reducedform macroeconomic model that has been successfully used in other monetary policy research.
My paper concludes that in a model without uncertainty about the role of asset prices in determining output and inflation, a monetary authority generally benefits from responding to asset prices. However, a monetary authority will not expect to benefit from responding to asset prices if it is sufficiently unsure about the macroeconomic consequences of asset prices.
To further explore this question of whether monetary policy should respond to asset prices, this paper extends the model of Filardo (2000) to include asset price bubbles and investigates the characteristics of optimal monetary policy. The next section of the paper lays out the model economy in which a random asset price bubble affects inflation and output. In such an environment, the monetary authority has the option to respond to overall asset price movements as well as to its fundamental and bubble components. The third section reports the results from various simulations and takes away several practical implications for monetary policy. The final section draws some conclusions and offers some suggestions for future research.
II. MONETARY POLICY MODEL INCORPORATING ASSET PRICE BUBBLES
This section builds on the small-scale monetary policy model of Rudebusch and
Svensson by adding a role for asset price inflation--both the fundamental component and the bubble component. The model comprises three modeling blocks: the macroeconomic block, the asset price inflation block, and the monetary policy block. The Technical Appendix provides a concise mathematical summary of the model as well as the simulation methods used to produce the results.
Macroeconomic Model Block
The output and inflation block of the model is a standard IS-PC model that includes roles for asset price inflation and asset price bubbles. In particular, output and inflation are specified as follows: The first equation is a standard dynamic IS-type equation linking real output growth, y, to the lagged real interest rate (r t-1 ), lagged real output growth (y t-1 ), lagged real asset prices (π AP,t-1 -π t ), and an unpredictable demand shifter (ε t ) representing changes in consumer and business confidence. π AP,t-1 is overall asset price inflation and π t is consumer price inflation. Asset prices can be thought of as affecting output growth in several ways. For example, an increase in asset prices-either from fundamental or bubble components or both-can be thought of as increasing consumption spending via the wealth effect, increasing investment spending via the cost of capital effect, and increasing government spending via the political economy effect of greater tax revenues. This specification reflects the conventional view that asset price inflation boosts aggregate demand.
Output and Inflation Block
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The error term is assumed to be normally distributed with a zero mean and a 2 ε σ (=1.2) variance.
The second equation is an accelerationist version of the Phillips curve that has been augmented to include the influence of a nominal asset price bubble (π B,t-1 ). The real output term captures the conventional wisdom that inflation tends to rise when the economy is operating above its potential and tends to slow when the economy is operating below potential. The output term also can be thought of as summarizing the various factors that affect resource utilization rates. The error term is assumed to be normally distributed with a zero mean and a 2 η σ (=0.04) variance. 2 The calibration was based on reasonable estimates from the literature rather than on econometric estimates. This approach can be justified by the near impossibility of estimating the bubble component of asset prices (Cogley) . Moreover, the monetary policy lessons learned are fairly robust to a wide range of specifications.
The role of asset prices in this PC equation is novel. The presence of the asset price bubble reflects an empirical regularity rather than some theoretical justification. In many countries that saw a rapid runup in asset prices, consumer price inflation often remained well contained. For example, in Japan and the U.K. during the late 1980s or in the U.S. during the late 1990s, equity and real estate prices rose while inflation was quite stable. I read this empirical behavior to suggest that asset price bubbles may have the potential of reducing the user costs of capital sufficiently to hold unit labor costs and hence inflation low and stable.
Alternatively, asset price bubbles may spur potential output growth enough to offset price pressures of higher actual output. Whatever the theoretical justification, this PC specification with an asset price bubble raises some interesting monetary policy issues that are not implied by conventional specifications. For example, if soaring asset prices lowers inflationary pressures, a monetary authority interested in keeping inflation stable may not want to follow a "lean against the wind" strategy. And, conversely, a monetary authority may not want to raise interest rates as an asset price bubble collapses.
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Asset Price Inflation Block
Overall asset price inflation equals the (implicitly weighted) sum of the fundamental component of asset price inflation and the bubble component of asset price inflation:
Each component is described in the asset price inflation block of the model: The error term, t υ , is assumed to be distributed as a normal random variable with a zero mean and
The asset price bubble component is modeled as being exogenous. This specification is somewhat arbitrary because economists do not have good empirical models of asset price bubbles. The specification of the bubble is consistent, though, with some key features that economists generally attribute to a bubble. First, an asset price bubble causes asset prices to significantly deviate from their fundamental value. Second, the departures are serially correlated. Third, asset price bubbles can be positive or negative and collapse without warning.
The following chart shows an example of this type of bubble.
an independent role in determining economic variables because they simply reflect economic fundamentals. If so, the macroeconomic model block would be misspecified. (An independent role of asset prices may depend on more fundamental issues of whether the economy is best characterized as an overlapping-generations model rather than an infinitely-lived agent model. Such an issue goes well beyond the scope of this paper.) Third, there is little justification for any particular stochastic process for the asset price bubble. All three issues are critical and may limit the applicability of the lessons drawn in the paper. while t I follows a 3-state Markov process, the specification of t ζ is a semi-Markov process because of the dependence on τ . The duration variable, τ , is used to track the deviation of an asset price from its fundamental value in order to guarantee the asset price returns to its fundamental value after the collapse of a bubble.
Monetary Policy Block
The monetary authority sets monetary policy by adjusting the short-term real interest rate. This rule is consistent with conventional Taylor-type rules. 6 In practice, central banks use nominal interest rates as their policy tool. Given the inflation rate, the central bank is essentially choosing a real rate when it picks its nominal interest rate. Also, see Woodford (2001) for the types of assumptions that would justify using a short-term real interest rate as a sufficient statistic to link monetary policy to the macroeconomic environment via the IS curve.
The second alternative corresponds to a monetary authority that responds to overall asset price inflation, It is assumed that the monetary authority does not or cannot distinguish overall asset price inflation from its component parts.
III. RESULTS AND INTERPRETATIONS
I use this framework to analyze four questions:
• Is it optimal for a monetary authority to respond to the fundamental component of asset prices and asset price bubbles?
•
If the monetary authority can't identify the bubble component of overall asset price movements, is it useful for the monetary authority to respond to overall asset prices?
• How do the benefits of responding to asset prices and asset price bubbles change as the monetary authority's preference to smooth interest rates strengthens?
• How does uncertainty about the role of asset prices in the economy affect the optimality of responding to asset prices?
Question 1: Is it optimal for a monetary authority to respond to the fundamental component of asset prices and asset price bubbles?
Figure 2 shows that the monetary authority can improve economic outcomes by responding to asset prices. The location of the policy frontier for the optimal policy rule (that includes responses to the components of asset prices) uniformly achieves a lower variance of output and inflation than a policy rule that does not respond to asset prices. The positive values of the response coefficients imply the monetary authority (following an optimal rule) should raise the interest rate in order to offset the effects of asset price inflation on inflation and output. The size of the coefficients also suggests that when π µ is low, the monetary authority should respond aggressively to asset price bubbles to control output variation. However, when π µ is high, asset price bubbles help to smooth inflation variability because of the role of the nominal asset price bubble inflation in the PC equation. In fact, the negative response coefficients suggest that it may be optimal for the monetary authority to ease monetary policy when the bubble is positive and tighten policy when the bubble is negative.
Overall, these results confirm the general intuition from linear-quadratic optimal control problems. If any economic variable provides information--however noisy--about the state of the economy, the decision-maker will generally benefit from using the information. Since asset prices enter into the model of the macroeconomy in a nontrivial way, it is not surprising that the asset prices show up with fairly large optimal response coefficients in the monetary authority's policy rule. The lesson learned is that informative economic variables should be included in the optimal monetary policy reaction function.
7 Bernanke and Gertler (2001) claim that randomizing over possible realizations of the asset price bubble might eliminate the attractiveness of responding to asset prices. Also see Batini and Nelson. Figure 2 shows that the monetary authority finds responding to asset prices quite attractive, despite the fact that the asset price bubble specification is stochastic (as described in section II). 
, that is, the monetary authority puts no weight on the variance in the change in interest rates.
• "Rule without response to asset prices" is π The general lesson to learn here is that even if the monetary authority cannot perfectly measure the fundamental and bubble components separately, it still may be optimal to respond to overall asset prices. Being unable to separate the two components means that overall asset price inflation is a noisy, but somewhat informative measure of future output and inflation. In general, noisy measures of a variable belong in the optimal monetary policy reaction function.
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Question 3: How do the benefits of responding to asset prices and asset price bubbles change as the monetary authority's preference to smooth interest rates strengthens?
Recent research suggests that central banks, and in particular the Fed, prefer to smooth interest rate changes.
9
In the model used in this paper, interest rate smoothing is a feature of the monetary authority's preferences. When r µ is non-zero, the monetary authority behaves as if it cares about interest rate volatility. To explore the implication of such preferences, Figure 3 and Table 3 report the results from simulations with 1 = r µ . the monetary authority prefers to smooth interest rates, the variability of inflation and/or output rises. This reflects the fact that the real interest rate is the only lever to stabilize output and inflation. If the monetary authority puts subjective constraints on interest rate variability, then the monetary authority will generally produce higher variability in inflation, output growth or both. Second, the policy frontiers are not monotonically declining in the variance of output growth. Sliding down the policy frontier corresponds to the consequences of a monetary authority that is progressively more concerned about inflation stabilization ( π µ rises). The reason both the variance of output and the variance of inflation can decline is that the costs of lowering both is smaller than the cost of allowing the interest volatility to rise.
What happens to the benefits of responding to asset prices when the monetary authority cares about the variability of interest rates? Table 3 shows that the response coefficients for the fundamental component of asset prices and the bubble component of asset prices fall to zero.
Essentially, the cost of using volatile asset prices (interest rate volatility) offsets than the benefits of the information contained in asset prices to stabilize output and inflation.
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As a result, the two previous lessons are not useful in a world where the monetary authority is sufficiently averse to variable interest rates.
The lesson to be taken from these findings is that even though asset prices contain useful information about output and inflation, the cost in terms of interest rate volatility can be so high as to cause the monetary authority to largely disregard the information.
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10 It is also interesting to note that the response coefficients in this table are closer to the response coefficients used in the original Taylor rule than those found in Table 1. 11 This lesson is consistent with Bernanke and Gertler's conclusion that by responding to stock prices, a central bank could worsen economic outcomes. Gertler (1999, 2001) argue that the potential costs of responding to asset price can be quite large because asset prices can be too volatile relative to their information content. Vickers draws a similar conclusion.
, that is, the monetary authority puts weight on the variance in the change in interest rates.
• "Rule without response to asset prices" is π 
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In this environment, the monetary authority needs to assess the losses and probabilities associated with the four possible outcomes:
Either asset prices matter or they do not in the economy, and the monetary authority believes that either asset prices matter or they do not. For each possible outcome, the loss function of the monetary authority can be evaluated as in Table 4 .
If the probabilities of each outcome are known, then the expected net benefits can be calculated. Rather than estimating the probabilities, I tabulate the probabilities. In this approach, a monetary authority that has a subjective probability about the relevance of asset prices could To simplify the problem further, I assume that the probabilities are modeled as being independent of the actions of the monetary authority. This allows the expected net benefits to be calculated conditional on the subjective probability of the monetary authority.
The net benefit of responding to asset prices is defined as the expected change in the loss function (in terms of economic volatility) when asset prices "truly" matter relative to the expected change in the loss function when asset prices do not help to determine output and inflation. See the Technical Appendix for further details. Table 5 presents the expected net benefits of responding to asset prices in this economic environment for various probabilities. In this table, the key probability threshold is 60 percent. If the monetary authority is more than 60 percent sure that asset prices matter in the economy, then it would be optimal to respond to asset prices. However, if policymakers are less than 60 percent sure, then it is not optimal to respond to asset prices.
Table 5
Probability that asset prices matter This table illustrates that if a monetary authority is fairly confident about the structure of the economy, then responding to asset prices and asset price bubbles is generally optimal. The response is optimal because the monetary authority is sufficiently confident that the expected benefits of responding to asset prices-which contain valuable information about future output and inflation variability-is greater than the expected costs of being wrong.
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IV. CONCLUSIONS AND FUTURE RESEARCH
The findings of this investigation shed some light on optimal monetary policy in an economy with asset price bubbles. First, if asset prices play a nontrivial role in determining output and inflation, then the monetary authority may want to respond to changes in asset prices generally and asset price bubbles specifically. This conclusion also holds when asset prices are quite volatile. Second, even if the monetary authority is fairly uncertain about how to identify the bubble component, overall asset price movements may still contain valuable information to which the monetary authority may want to respond. Third, the desirability of using asset price information depends critically on the monetary authority's preference for interest rate smoothing and the variability of asset prices. Although asset prices contain useful information about output and inflation, a monetary authority may prefer to disregard the information because responding to asset prices might cause quite volatile interest rates. Fourth, if the monetary authority is uncertain about the macroeconomic role of asset prices and asset price bubbles, then the expected costs (in terms of economic volatility) of responding to asset prices may exceed the expected benefits. Given the current difficulties in identifying asset price bubbles and in estimating the role of asset prices in the macroeconomy, it is hard to imagine how the expected benefits could exceed the expected costs.
Future research may help increase our understanding of asset price and monetary policy.
For example, a key issue not addressed in this paper is whether the monetary authority should try to deflate asset price bubbles. Because the bubble process is specified as being exogenous, the model cannot shed any light on the issue. One might reasonably conjecture, however, that the same factors that make responding to asset prices attractive to the monetary authority would also make deflating asset price bubbles attractive. Moreover, the same factors that make responding to asset prices unattractive would also make deflating asset price bubbles unattractive. Building a more sophisticated model to address this issue is left for future research.
In addition, the issues of monetary policy and asset prices will not be fully understood until the role of financial market fragility is incorporated into the model. The heart of the policy debate is not simply about output and inflation variability. Policymakers also worry about preventing systemic risks due to the collapse of asset price bubbles and might want to design institutional structures that help mitigate the likelihood of such events. A more elaborate analysis of the uncertainties may help improve our understanding of the policy options. One potentially fruitful approach may be to build on the recent research into robust control theory of monetary policy.
At this point in time, however, the research into asset prices and monetary policy is still in its infancy. With renewed research interest, considerable progress on various fronts may be made in the years ahead. This paper provided some practical policy lessons by studying optimal monetary policy in the presence of asset price bubbles. While there was no definitive answer to the question of whether monetary policy should respond to asset prices, the paper laid out some and inflation stabilization than would be justified if the monetary authority were well aware of the structure of the economy.
conditions when it is advisable and conditions when it is not advisable. Future research will likely refine these conditions rather than overturn the basic thrust of the policy lessons.
TECHNICAL APPENDIX
This appendix provides technical details behind the monetary policy model, the simulation-based solution methods, and the methods to evaluate the implications of parameter uncertainty. The final error term, t ζ , determines the asset price bubble,
Monetary Policy Model
Small
and follows the multinomial probability distribution described in the text.
Simulation-Based Solution Method
Simulations , and a dispersion measure (such as the mean and standard deviation).
The estimates in the paper are based on 500 simulations of a 1000-period economy.
Evaluating Parameter Uncertainty
A central bank generally prefers to respond to asset prices if there is no parameter uncertainty. The intuition behind this result is that a central bank should not ignore valuable information about the state of the economy. This result does not generally hold in the case when there is uncertainty about the underlying structure of the macroeconomic model. This note lays out a method to evaluate the net benefits to a monetary authority of responding to asset prices when there is uncertainty about the macroeconomic role of asset prices.
The particular type of uncertainty considered is the possibility that the coefficients on the asset price variables are zero (that is, 0 0 = = β φ , ). The possibilities facing the monetary authority are described in the following table: 
L 1 1 is the loss function value when the monetary authority correctly assumes that asset prices do play a fundamental role in the macroeconomy. The optimal monetary policy reaction function achieves the minimum loss.
• 2 1, L is the loss function value when the monetary authority incorrectly assumes that asset prices do play a fundamental role in the macroeconomy. Given the misperception, the central bank uses the reaction function assuming asset prices do play a role.
• * , L 2 2 is the loss function value when the monetary authority correctly assumes that asset prices do not play a fundamental role in the macroeconomy. The optimal monetary reaction function achieves the minimum loss.
• 1 2, L is the loss function value when the monetary authority incorrectly assumes that asset prices do not play a fundamental role in the macroeconomy. Given the misperception, the central bank uses the reaction function assuming asset prices do not play a role.
In such a setting, the monetary authority would want to incorporate this uncertainty in their calculation of the expected net benefits of responding to asset prices. The expected net benefit of responding to asset prices can be evaluated as the expected benefit of responding relative to the expected cost of responding. The expected benefit of responding when asset prices matter can be algebraically written as 
If the expected cost of responding to asset prices exceeds the expected benefit, then the central bank should not respond to asset prices. If the converse is true, then the central bank should respond to asset prices.
Making this Approach Operational
In general, direct comparisons of different specifications of the macroeconomy (i.e. ). Then, the cost-benefit analysis described above can be done as a local approximation around the common intersection.
Figure A1
Illustration of Calibration Exercise 15 Note that the optimal policy is unaffected by arbitrary affine transformations of the loss function, but the value of the loss function is not.
Var(π)
Var ( where P(A|B) is the subjective probability of the monetary authority that asset prices matter, given the true state of the world; P(B) is the probability that asset prices truly matter in the macroeconomy, and L(A,B) is the state-contingent loss function.
